Osteosarcoma is the most common primary bone tumour in young adults. Despite improved prognosis, resistance to chemotherapy remains responsible for failure of osteosarcoma treatment. The identification of signals that promote apoptosis may provide clues to develop new therapeutic strategies for chemoresistant osteosarcoma. Here, we show that lipophilic statins (atorvastatin, simvastatin, cerivastatin) markedly induce caspases-dependent apoptosis in various human osteosarcoma cells, independently of bone morphogenetic protein (BMP)-2 signaling and cell differentiation. Although statins increased BMP-2 expression, the proapoptotic effect of statins was not prevented by the BMP antagonist noggin, and was abolished by mevalonate and geranylgeranylpyrophosphate, suggesting the involvement of defective protein geranylgeranylation. Consistently, lipophilic statins induced membrane RhoA relocalization to the cytosol and inhibited RhoA activity, which resulted in decreased phospho-p42/p44-mitogen-activated protein kinases (MAPKs) and Bcl-2 levels. Constitutively active RhoA rescued phospho-p42/p44-MAPKs and Bcl-2 and abolished statininduced apoptosis. Thus, lipophilic statins induce caspasedependent osteosarcoma cell apoptosis by a RhoA-p42/p44 MAPKs-Bcl-2-mediated mechanism, independently of BMP-2 signaling and cell differentiation.
Introduction
Osteosarcoma is the most common primary malignant bone tumour occuring in children and young adults. Although aggressive chemotherapy has improved the prognosis of osteosarcoma patients, resistance to chemotherapy remains a major mechanism responsible for the failure of osteosarcoma treatment. 1 Several studies have established that apoptotic pathways contribute to the cytotoxic action of chemotherapeutic drugs. 2, 3 Thus, combinational therapy with agents that promote the apoptotic machinary may be of potential interest to enhance apoptosis sensitivity and improve tumour burden. 3, 4 The cholesterol-lowering agents statins were recently found to trigger cell death in a variety of soft tumour cells. 5, 6 Statins inhibit the 3-hydroxy-3-methylglutaryl-coenzyme A (HMG CoA) reductase which catalyses the conversion of HMGCoA into mevalonate during the biosynthesis of cholesterol. Mevalonate can be converted into farnesylpyrophosphate (FPP) and geranylgeranylpyrophosphate (GGPP), two isoprenoid residues that can be anchored onto several intracellular proteins through farnesylation or geranylgeranylation, a process called prenylation. 5, 6 Protein prenylation is necessary for relocalization of target proteins to cell membranes, and is thereby involved in the control of cell adhesion, growth and survival. Blocking the mevalonate pathway by HMG-CoA reductase inhibitors inhibits geranylgeranylation and farnesylation, resulting in decreased prenylation of proteins and alteration of cell growth and survival functions. 5 Small Gproteins, including the Ras, Rho and Rac families are signaling proteins that are dependent on prenylation for their localization to cell membranes and for their activity. 7 Notably, RhoA has been implicated in the control of cell growth and apoptosis. 7, 8 Moreover, RhoA is overexpressed in several tumours, 9 suggesting its possible implication in tumorigenesis. However, the contribution of RhoA in osteosarcoma cell survival and its downstream signaling proteins has not been determined.
The terminal differentiation of cells of the osteoblast lineage is directed by the integrated function of regulatory factors such as bone morphogenetic proteins (BMPs) and downstream transcription factors. BMP-2, a member of the TGF beta superfamily, and Runx2, a master transcription factor acting as BMP effector, are important regulatory signals required for osteoblast differentiation. 10, 11 Runx2 promotes the expression of phenotypic markers in postproliferative osteoblasts 11, 12 and induces suppression of preosteoblastic cell proliferation, 13, 14 which contributes to promote osteoblast maturation. Osteosarcoma cells are often characterized by loss of differentiated phenotype with decreased expression of osteoblast markers. 15 Consistently, osteoblast differentiation mediated by Runx2 and the cyclin-dependent kinase (Cdk) inhibitor p27 (Kip1) is disrupted in osteosarcoma cells. 16 Additionally, the upregulation of Runx2 with cessation of cell growth observed in normal osteoblasts 13 is not observed in osteosarcoma cells, 14, 17 indicating a role for Runx2 dysregulation in osteosarcoma cell proliferation and differentiation.
We previously showed that, besides promoting Runx2 and cell differentiation, BMP-2 induces caspase-dependent apoptosis in human osteosarcoma cells through activation of BMP receptor IB (BMPR-IB). 18 Some statins are known to activate the BMP-2 promoter, 19, 20 resulting in increased Runx2 expression and osteoprogenitor cell commitment to osteoblasts. 21 These studies raise the question of whether statins may promote apoptosis in osteosarcoma cells through induction of BMP-2. In this study, we provide evidence that lipophilic statins induce caspase-dependent apoptosis in human osteosarcoma cells independently of BMP-2 signaling and commitment to cell differentiation, by a mechanism specifically involving inactivation of RhoA and p42/p44 mitogen-activated protein kinases (MAPKs)-Bcl-2 survival pathway.
Results

Lipophilic statins induce caspases-dependent apoptosis in human osteosarcoma cells
We first investigated whether hydrophilic and lipophilic statins may induce apoptosis in human osteosarcoma cells cultured in growth supporting conditions (i.e. in the presence of 10% serum). As shown in Figure 1a , treatment with lipophilic statins (atorvastatin, cerivastatin, simvastatin) for 24 h decreased cell viability in human osteosarcoma cells expressing p53 (OHS 4 ) or not expressing p53 (SaOS 2 ). In contrast, the hydrophilic statin pravastatin did not affect cell viability. Consistent with these results, the lipophilic statins atorvastatin, cerivastatin and simvastatin induced a eight-to 10-fold increase in the number of TUNEL-positive cells, reflecting DNA fragmentation, with an optimal dose of 1 mM for cerivastatin and 10 mM for atorvastatin and simvastatin. In contrast, the hydrophilic statin pravastatin had no effect ( Figure 1b) . The most efficient statin in this assay was cerivastatin which was effective at concentration as low as 0.1 mM. Atorvastatin, cerivastatin, and simvastatin dose dependently decreased cell viability to the same extent in three other human osteosarcoma cell lines (MG63, U2OS and CAL-72) which display different phenotypic characteristics (Table 1) . These results show that lipophilic but not hydrophilic statins induce DNA fragmentation and reduce cell viability in several human osteosarcoma cells, independently of osteosarcoma cell characteristics.
A usual characteristic of the apoptotic process is induction of caspase activity. To investigate whether statins reduced cell viability by induction of programmed cell death, we evaluated caspase activity in osteosarcoma cells treated with statins. As shown in Figure 1c , lipophilic statins (10 mM) induced a eight-to 12-fold increase in caspase-3 like activity at 24 h in SaOS 2 cells. Again, pravastatin had no significant effect. Similarly, lipophilic statins induced a four-to 35-fold increase in caspase-3 like activity in OHS 4 cells (Figure 1c ). This effect was not restricted to these two cell lines because statins increased caspase-3 like activity by up to 25-fold in three other osteosarcoma cell lines which exhibit different characteristics (Table 2) . Notably, statins increased caspase-3 like activity in CAL-72 cells that are resistant to various chemotherapies. 22 We also found that lipophilic statins increased caspase-9 activity at an early time point (15 h), whereas caspase-8 activity or Fas/FasL expression were not significantly changed (data not shown), indicating that statins activated caspase-9 upstream of caspase-3 in these osteosarcoma cells. To confirm that statins activate caspases in SaOS 2 and OHS 4 human osteosarcoma cells, the cells were pretreated for 1 h with z-Val-Ala-Asp-fluoromethylketone (zVAD-fmk), a broad spectrum caspases inhibitor which blocks apoptotic cell death induction but not necrotic cell death. As shown in Figure 1d , zVAD-fmk completely prevented cell death induction by lipophilic statins. These results show that lipophilic statins decrease human osteosarcoma cell viability by induction of caspase-dependent apoptosis.
Statin-induced osteosarcoma cell apoptosis occurs independently of BMP-2 and cell differentiation
Statins were previously found to activate the BMP-2 promoter and thereby to promote osteoblast differentiation. 19, 20 As we previously showed that BMP-2 promotes human osteosarcoma cell apoptosis through BMPR-IB signaling, 18 we tested the hypothesis that statins may induce osteosarcoma cell apoptosis by increasing BMP-2 production. To this goal, we compared the effects of statins in SaOS 2 cells that express BMP-RIB and OHS 4 cells that do not express this receptor. 18 In basal conditions, both SaOS 2 and OHS 4 cell lines expressed BMP-2 mRNA, as shown by reverse transcription-polymerase chain reaction (RT-PCR) ( Figure 2a ) and Western blot analyses (Figure 2b ). In both SaOS 2 or OHS 4 cells, lipophilic statins induced a marked increase in BMP-2 protein released in culture supernatants at 72 h (Figure 2c ). In contrast, statins had no detectable effect on BMP-2 mRNA or protein levels at 24-48 h of treatment in the two cell lines (data not shown). Thus, the late increase in BMP-2 production occuring at 72 h (Figure 2c ) does not correlate with the rapid proapoptotic effect of statins observed at 24 h of treatment ( Figure 1 ). The finding that BMP-RIB-deficient OHS 4 cells that do not respond to the proapoptotic effect of BMP-2, 18 did respond to the proapoptotic effect of statins (Figure 1b ) also discards the involvement of BMP signaling in statin-induced apoptosis. To confirm this hypothesis, we transiently transfected a plasmid encoding noggin, a potent antagonist of BMP-2, 23 in SaOS 2 cells which respond to the proapoptotic effect of BMP-2. 18 As shown in Figure 2d , noggin over-expression did not prevent the increase in caspase-3 like activity induced by statins at 24 h, which does not support a role for BMP-2 in statin-induced apoptosis in osteosarcoma cells.
As BMP-2 promotes osteoblast differentiation in human osteoblastic cells and osteosarcoma cells by inducing Runx2 expression and Runx2-dependent genes, 10, 18 we also determined whether the proapoptotic effect of statins in 
Statin-induced osteosarcoma cell apoptosis involves GGPP
Statins inhibit HMG-CoA reductase, which results in decreased mevalonate levels. 5, 6 To investigate the involvement of defective mevalonate in the proapoptotic effect of statins, SaOS 2 and OHS 4 cells were supplemented with mevalonate before testing the effects of statins on cell viability. As shown in Figure 3a , pretreatment with mevalonate fully prevented the effect of atorvastatin and simvastatin on cell viability, and partially reduced cell death induced by cerivastatin in both cell lines. Consistantly, pretreatment with mevalonate prevented the induction of caspase-3 like activity induced by lipophilic statins in both SaOS 2 and OHS 4 cells (Figure 3b ). This indicates that statin-induced osteosarcoma cell apoptosis involves mevalonate. Since inhibition of HMG-CoA reductase also leads to the depletion of GGPP and FPP which are metabolites derived from mevalonate, 6 we tested whether GGPP or FPP supplementation may block the effect of statins on apoptosis. As shown in Figure 3c , pretreatment of SaOS 2 or OHS 4 cells with GGPP completely prevented caspase-3-like activity induced by atorvastatin or simvastatin, and markedly reduced the effect of cerivastatin on caspase-3-like activity. In contrast, pretreatment with FPP did not significantly modulate statin-induced caspase-3-like activity (Figure 3c ). These results show that statin-induced apoptosis involves GGPP, an effective metabolite of the mevalonate pathway. Table 1 ). To this goal, SaOS 2 cells were treated with statins and submitted to subcellular fractionation, then RhoA protein expression was evaluated in membrane and cytosolic fractions. In basal conditions, RhoA was found both in the cytosol and anchored to cellular membranes (Figure 4a ). Treatment with various doses of statins (1-10 mM) resulted in relocalization from membranes to the cytosol (Figure 4a ), indicating that inhibition of HMG-CoA reductase by statins blocked RhoA prenylation. To determine whether this effect of statins was dependent on defective metabolites of the mevalonate pathway, we tested whether mevalonate, GGPP or FPP supplementation may block RhoA relocalization. Pretreatment with mevalonate or GGPP prevented RhoA relocalization to the cytosol induced by atorvastatin, whereas pretreatment with FPP had no effect (Figure 4b ). Similar effects were observed with simvastatin (data not shown), indicating that statinsinduced RhoA relocalization to the cytosol can be reversed by mevalonate or GGPP supplementation. Since correct localization is necessary for RhoA GTPase activity, we evaluated active RhoA levels in response to statins. As shown in Figure 4c , treatment with atorvastatin for 6 h decreased the level of the RhoA-GTP form, the active form of RhoA, indicating reduced RhoA activity. This inhibitory effect of statin on RhoA activity was prevented by pretreatment with mevalonate or GGPP, but not FPP (Figure 4c ). Similar data were obtained using simvastatin (data not shown). These results show that inhibition of HMG-CoA reductase by statins in human osteosarcoma cells leads to RhoA relocalization and inhibition of RhoA activity, as a result of statin-induced decrease in GGPP levels. We then determined whether the rapid RhoA relocalization and inhibition induced by statins correlates with induction of cell death. To this end, SaOS 2 cells were treated for 2-7 h with atorvastatin, washed and cultured in the absence of atorvastatin for up to 24 h, then cell death was evaluated by caspase-3 like activity. Strikingly, caspase-3 like activity was almost maximally increased by only 7 h of atorvastatin treatment (Figure 5a ). Consistently, cell treatment with atorvastatin for only 6 h was sufficient to relocalize the major part of RhoA from the membranes to the cytosolic fraction (Figure 5b ). Similar effects were obtained using simvastatin (data not shown). These results indicate that lipophilic statins rapidly induce cell death after only 6-7 h of treatment, a time point that correlates with the complete relocalization of RhoA from membranes to the cytosol in human osteosarcoma cells.
To further establish the role of RhoA activity in cell death induced by lipophilic statins, SaOS 2 cells were transiently transfected with either a wild-type form (WT) of RhoA or a constitutively active form (CA) of RhoA (RhoA-G14V) coupled to GFP. Transfection efficiency, evaluated by the number of GFP-positive cells, averaged 8-14%, and Western blot analysis confirmed the overexpression of RhoA-GFP in SaOS 2 -transfected cells (Figure 5c ). Overexpression of the CA of RhoA markedly inhibited caspase-3-like activity induced by atorvastatin. In contrast, no effect was observed using the WT of RhoA (Figure 5d ). These results show that apoptosis induced by statins can be rescued by constitutively active RhoA, indicating that the activity of RhoA is required to protect against statin-induced human osteosarcoma cell death.
RhoA inactivation induces osteosarcoma cell apoptosis by reducing phospho-p42/p44-MAPKs and Bcl-2 signaling
We finally investigated the intracellular signaling pathways that are involved in statin-induced apoptosis in osteosarcoma cells. MAPKs and phosphoinositide 3 0 kinase (PI3K) are key signaling pathways controlling cell survival. However, the implication of these signaling cascades in statin's effects in cancer cells remains conflicting. 6 We found that inhibition of PI3K activity with the specific PI3K inhibitor LY294004 (1-25 mM, 24-48 h) had no effect on caspase-3-like activity in SaOS 2 and OHS 4 osteosarcoma cells (data not shown), which does not support a major role for PI3K in the control of cell death in these cells. To determine whether the MAPKs pathway is a downtream effector pathway of the RhoA protein, we tested the effect of statins on MAPKs phosphorylation which reflects MAPKs activity. As shown in Figure 6a , treatment with atorvastatin decreased p42/p44-MAPKs phosphorylation by as much as 50% in SaOS 2 cells. Similar results were obtained in OHS 4 cells, and in the two cell lines using simvastatin (data not shown), indicating that statins induce MAPK inactivation in osteosarcoma cells. We then tested whether mevalonate, GGPP or FPP supplementation may block the inhibitory effect of statins on MAPKs activation. Significantly, the decrease in phospho-p42/p44-MAPKs levels induced by atorvastatin was prevented by pretreatment with mevalonate or GGPP, but not FPP (Figure 6b ). These results indicate that statins decrease phosphorylation of p42/ p44-MAPKs in human osteosarcoma cells as a result of decreased protein geranylgeranylation.
To identify the molecular effectors involved in statininduced apoptosis, we analysed the changes in the expression of pro-and antiapoptotic molecules in response to statins. As shown in Figure 6c , atorvastatin induced PARP cleavage, confirming the induction of apoptosis. Mcl-1 and Bcl-2 are two antiapoptotic proteins that are targets for MAPKs in some cells. 24, 25 In osteosarcoma cells, we found that atorvastatin decreased Mcl-1 and Bcl-2 levels (Figure 6c ). Interestingly, atorvastatin had no effect on the proapoptotic protein Bax (Figure 6c ) or on Bcl-xl, Bid or Bim, which are other modulators of apoptosis (data not shown). Semiquantitative evaluation of mRNA expression confirmed that lipophilic statins reduced by 70% Bcl-2 gene expression in SaOS 2 cells, whereas Bax or the inhibitor of apoptosis (IAP) survivin mRNA levels remained unaffected (Figure 6d) . The overall inhibitory effect of statins on Bcl-2 expression resulted in a three-to four-fold increase in the Bax to Bcl-2 ratio, showing that statins turned the ratio of pro-to antiapoptotic effectors in favour of apoptosis induction in osteosarcoma cells.
To further investigate the role of RhoA in the decreased MAPKs activity and Bcl-2 levels induced by statins, SaOS 2 cells were transfected with WT-RhoA or CA-RhoA-G14V. In contrast to WT-RhoA, overexpression of CA-RhoA prevented the statin-induced decrease in p42/p44-MAPKs phosphorylation rate (Figure 6e ), implicating RhoA in the statin-induced decreased MAPKs activity. Consistently, overexpression of constitutively active RhoA prevented the inhibitory effect of atorvastatin on Bcl-2 levels whereas wild-type RhoA had no effect. Finally, because RhoA was reported to stimulate cell cycle progression through inactivation of the Cdk inhibitor p27KIP1, 26 we determined whether statin-induced apoptosis may be associated with altered p27 expression in osteosarcoma cells. As shown in Figure 6g , atorvastatin increased p27 expression. However, neither wild-type RhoA, nor constitutively active RhoA corrected the increased p27 expression in statin-treated osteosarcoma cells. These results indicate that RhoA protects against statin-induced human osteosarcoma cell death by interacting with the p42/p44-MAPKs and Bcl-2 survival pathway, independently of p27.
Discussion
The present data show that lipophilic statins, by inhibiting HMG-CoA reductase, induce apoptosis in human osteosarcoma cells by a RhoA-p42/p44 MAPKs-Bcl-2-mediated mechanism that is independent of BMP-2 signaling and cell differentiation. Importantly, we found that statins-induced apoptosis in various osteosarcoma cell lines cultured in growth supporting conditions, independently of their phenotypic characteristics. Consistent with other findings in acute myeloid leukaemic cell lines, 27 cerivastatin was more potent than atorvastatin and simvastatin to induce osteosarcoma cell death. Also, pravastatin was not efficient to induce apoptosis, in accordance with its hydrophilic nature. Notably, we found that osteosarcoma cell death induced by lipophilic statins is a caspase-dependent apoptotic process, which is consistent with recent studies in non osseous cells. 28 , 29 Since we found that statins activated caspase-9 and -3-like activity, but not caspase-8 activity, in a time-dependent manner, we conclude that lipophilic statins induce apoptosis in human osteosarcoma cells mostly through activation of the mitochondrial apoptotic pathway. Because statins were shown to induce BMP-2 expression and cell differentiation in osteoblastic cells, [19] [20] [21] we explored the possibility that statins may exert apoptotic activity through induction of BMP signaling in osteosarcoma cells. Our finding that statins induced rapid cell apoptosis independently of BMP-2 or BMPR-IB expression, and that apoptosis was not abolished by the natural BMP antagonist noggin does not support a role for BMP signaling in osteosarcoma cell death induced by statins. Since BMP-2 promotes osteoblast differentiation, a related question was to determine whether statins may induce osteosarcoma cell apoptosis secondary to cell differentiation. Indeed, recent evidence indicate that or the solvent, the expression of Bcl-2, Bax and IAP/survivin was evaluated by semiquantitative RT-PCR analysis and the results expressed as treated over control ratio after correction for the housekeeping gene GAPDH. (e-g) SaOS 2 cells were transiently transfected with the expression plasmid pEGFP alone or encoding the sequence of wild-type (WT) RhoA or constitutively active (CA) form of RhoA (G14V mutant), then treated with atorvastatin (10 mM) or the solvent for 24 h, and the levels of phosphop42/p44 MAPKs (e), Bcl-2 (f) and p27 (g) were determined by Western blot analysis. Results are expressed as treated over control ratio after correction for b-actin expression. Cells were cultured in serum-supporting conditions in all experiments osteosarcoma is associated with reduced Runx2 and Osterix expression whereas overexpressing Runx2 or Osterix induces cell differentiation in osteosarcoma cells, 16, 30 an effect that is reproduced by BMP-2. 18 In the present study, Runx2 and phenotypic osteoblast differentiation markers declined under statin treatment, which indicates that statin-induced apoptosis did not occur secondary to cell differentiation. This strengthens the growing concept that osteosarcoma cell apoptosis can be induced independently of cell differentiation. 18 In addition to promote osteoblast commitment, Runx2 may induce osteoblast growth arrest 13, 14 in part through the Cdk inhibitor p27 16 which regulates the transition between proliferation and differentiation in osteoblasts. 13 In that way, loss of Runx2 and p27 expression is associated with disrupted differentiation in osteosarcoma cells. 16 As RhoA is known to control p27 protein levels, 26 RhoA inactivation by statins may alter p27 expression and thereby control growth arrest and apoptosis. Our finding that the upregulation of p27 by statins was not reversed by CA-RhoA despite reversal of apoptosis indicates that p27 is not involved in statin-induced apoptosis in osteosarcoma cells. Thus, osteosarcoma cell death induction by statins is independent of BMP-2 signaling and p27 expression.
The biosynthesis cascade of cholesterol from acetylcoenzyme A leads to the generation of isoprenoid residues such as GGPP and FPP which are transferred to proteins such as small GTPases by geranylgeranyltransferase and farnesyltransferase, respectively. The additional lipidic chain ensures proper localization to membranes of isoprenylated proteins. Statins, by blocking the HMG-CoA reductase, lead to deprivation of mevalonate and downstream metabolites such as mevalonate, GGPP or FPP. 5, 6 Our finding that mevalonate and GGPP preferentially diminished the proapoptotic effect of statins relative to FPP points to a predominant role of protein geranylgeranylation in statin-induced apoptosis in osteosarcoma cells. Consistent with our finding in osteosarcoma cells is the related observation in osteoclasts and human myeloma cells that inhibition of the mevalonate pathway by nitrogencontaining bisphosphonates induces apoptosis through inhibition of geranylgeranylated small GTPases. 31 Among geranylgeranylated GTPases, RhoA has been reported to exert positive and negative role in apoptosis, depending on the cell type. 5 We show here that statins induced relocalization and inactivation of RhoA with a time course consistent with the induction of apoptosis. Since suplementation with GGPP restored the amount of membrane bound-RhoA and fully prevented apoptosis, the defective isoprenylation of RhoA induced by statins appears to be necessary and sufficient to induce cell death in osteosarcoma cells. Although this establishes a key role for RhoA in controlling osteosarcoma cell apoptosis, we cannot exclude the possibility that other geranylgeranylated proteins may also be involved. Recent data from our and other groups suggest a positive effect of RhoA in osteoblast differentiation and osteogenesis. Indeed, increased RhoA expression is associated with premature osteoblast differentiation 32 and constitutive activation of RhoA promotes osteogenesis in vitro. 33 The present finding that RhoA inactivation induces osteoarcoma cell death indicates that RhoA also plays a role in osteoblastic cell survival.
An important question was to identify the transduction cascades that are involved in apoptosis induced by RhoA inactivation in osteosarcoma cells. One possible mechanism by which RhoA may control apoptosis is by inhibiting a survival pathway. We investigated the role of PI3K/Akt and p42/p44 MAPKs that are two major signaling pathways that contribute to osteoblastic cell survival, in statin-induced osteosarcoma cell apoptosis. Our data do not support a major role for PI3K in the control of cell death induced by statins in osteosarcoma cells. In contrast, our results indicate that statin-induced apoptosis implicates inhibition of p42/p44-MAPKs phosphorylation. In other cancer cells, the implication of MAPKs in apoptosis appears to be conflicting because statin-induced apoptosis is associated with decreased MAPKs activation in some cells whereas MAPKs is unaffected by statins in other cells. 6 Moreover, although several studies have implicated Rho proteins in the regulation of MAPK, these proteins have been implicated in both pro-and antiapoptotic signaling. 5, 34 In osteosarcoma cells, our finding that CA-RhoA restored MAPKs phosphorylation and prevented statin-induced apoptosis supports a mechanism by which inhibition of RhoA GTPase activity by lipophilic statins induce apoptosis by inhibition of the p42/p44-MAPKs survival pathway.
As the exact role of proteins involved in the induction of apoptosis by statins is unclear due to difference in tumour cell types, 5, 6, 34 an important issue was to determine the proteins downstream of RhoA and p42/p44-MAPKs inactivation in osteosarcoma cells. Nitric oxide (NO) production was recently reported to mediate apoptosis induced by statins in nonosseous cells. 35 Although NO is known to activate osteoblast apoptosis, 36 we were unable to detect significant modulation of NO in either SaOS 2 or OHS 4 osteosarcoma cells under statin treatment (10-100 mM, 2-48 h; data not shown). We also found that statins had no effect on survivin, an inhibitor of apoptosis which is often overexpressed in tumour cells, 37 most likely because this protein is rather sensitive to the activity of small GTPases of the Rac/Ras family. In contrast, we found that statins specifically inhibited the expression of the Bcl-2 and Mcl-1, two major antiapoptotic effectors. Our finding that restoration of RhoA activity abolished the inhibition of Bcl-2 and prevented cell death induced by statins indicates that Bcl-2 plays an essential role in protecting osteosarcoma cells from apoptosis induced by RhoA inactivation. Although a link between MAPKs, Bcl-2 and Mcl-1 has been reported in some other cell types, 24, 25 and RhoA inhibition has been linked to Bcl-2 downregulation in the induction of apoptosis by statins in some cancer cells, 28, 34, 38 evidence implicating these molecules in the mechanisms of action of statins in human osteosarcoma cells was lacking. The present results point to a direct implication of p42/p44-MAPKs signaling downstream of RhoA as a mediator of the effects of statins on Bcl-2 and apoptosis in osteosarcoma cells.
Our finding that statins induce osteosarcoma cell apoptosis in vitro raises the interest of determining the efficacy of statins on osteosarcoma development and tumour progression in vivo. The concentrations required for statin-induced osteosarcoma cell apoptosis are unlikely to be therapeutically achieved after administration in vivo. However, combinations of statins and chemotherapeutic agents may augment the response to statins and allow the use of lower doses in vivo.
Consistently, the administration of pravastatin at low dose (0.5 mg/kg/day) in conjunction with 5-fluorouracil was found to double the median survival time in patients with hepatocellular carcinoma. 39 In preliminary experiments, we found that the addition of conventional cytotoxic drugs (doxorubicin, 100 ng/ml; cisplatin, 20 mM) to lipophilic statins enhanced by three-to 15-fold osteosarcoma cell death induced by statins (unpublished data), suggesting that statins may be of therapeutic interest when combined with standard therapeutic approaches to enhance osteosarcoma cell apoptosis. Further experimental studies, now in progress, are needed to determine the potential interest of low doses of statins in association with conventional cytotoxic drugs as apoptosistriggering agents on osteosarcoma cell development and tumour progression in vivo.
Materials and Methods
Cell cultures
We used human cancer cells derived from different types of osteosarcomas with distinct genetic profiles. Human SaOS 2 osteosarcoma cells (ATCC; Rockville, MD, USA) exhibit an undifferentiated osteoblastic phenotype and are deficient for p53. Human OHS 4 osteosarcoma cells exhibit an osteoblast phenotype and express p53 but are BMPR-IB deficient. 18 We also tested statin effects in three other human osteosarcoma cells with different characteristics such as p53 mutant and ARF deficient cells (MG63), ARF mutant cells (U2OS), or chemotherapy-resistant cells (CAL-72). CAL-72 cells display chromosomal abnormalities and a distinct cytokine expression profile compared to MG63 and SaOS 2 cells. 22 All cells were cultured in Dulbecco's-modified Eagle medium (Invitrogen Corporation, Paisley, Scotland) in the presence of 10% heat inactivated fetal calf serum (FCS), 1% L-glutamine and penicillin/streptomycin (10 000 U/ml and 10 000 mg/ml, respectively) with medium change every 2-3 days. Importantly, all the experiments described below were performed in cells cultured in serum supporting conditions, i.e., in the presence of 10% FCS.
Cell viability
Cell viability was evaluated by the MTT test as previously described 40 or by cell counting under Trypan blue exclusion. Results are expressed as mean7S.E.M. of three independent experiments with tetrareplicates for each condition.
TUNEL analysis
DNA fragmentation was evaluated using the TUNEL assay (kit Roche, Mannheim, Germany). Positive controls consisted of cells treated with DNAse I for 10 min. Negative controls were obtained by omitting the transferase from the reaction. At least 1500 cells were counted for each experiment and the results are expressed as percentage of TUNELpositive cells.
Caspases activity
Cells were treated with increasing doses of statins or the solvent for 24 h, and caspases activity was determined. Briefly, cellular extracts (50 mg) were incubated with 0.2 mM of acetyl-Asp-Glu-Val-Asp-paraNitroAniline (Ac-DEVD-pNA) (caspases-3, -6, -7; Alexis Biochemicals, CA, USA), Ac-LEHD-pNA (caspase-9; Alexis Biochemicals) or Ac-IETD-pNA (caspase-8; Alexis Biochemicals) as substrates for various times at 371C in the presence or the absence of the specific caspase inhibitors Ac-DEVD-CHO, Ac-LEHD-CHO and Ac-IETD-CHO (10 mM). The specific activity (nmol pNA/min/mg protein) was expressed as treated over control ratios.
Subcellular fractionation
Cell layers were washed with cold A buffer (50 mM Tris/HCl pH 7.4, 150 mM NaCl, 2 mM Na 3 VO 4 ), scrapped and centrifuged at 1200 r.p.m. for 5 min at 41C. Cell pellets were sonicated (10 s, three times) on ice in B buffer (50 mM Tris pH 7.4, 250 mM sucrose, 2 mM Na 3 VO 4 ), then ultracentrifuged at 100 000 Â g for 1 h at 41C. Cytosolic fractions (supernatants) were concentrated 20-fold by ultrafiltration (Centricon 10 K, Millipore Corporation) and supplemented with 1 mM PMSF, 10 mg/ml aprotinin and 10 mg/ml leupeptin. Pellets, corresponding to the membrane fraction, were resuspended in Western blot lysis buffer.
RhoA activity assay
Levels of active RhoA were measured using the Rhotekin Rho Binding Domain protein (Upstate, NY, USA). Briefly, cells were lysed in (25 mM Hepes, 250 mM NaCl, 1% Ipegal, 10 mM MgCl 2 , 1 mM EDTA, 10% glycerol, 10 mg/ml aprotinin and 10 mg/ml leupeptin) for 30 min on ice and insoluble materials were removed by centrifugation. Lysates were incubated for 45 min at 41C with 30 ml of Rhotekin (Rho)-binding domain-agarose gel under agitation. Beads were washed three times with lysis buffer, resuspended in Laemmli buffer and analysed by Western blotting with anti-RhoA monoclonal antibody (Santa Cruz Biotechnology, CA, USA).
Cell transfection
Transient transfections were performed with Exgen500 (Euromedex, France). At 24 h after transfection, statins (10 mM) were added in 10% FCS containing medium for further 24 h. The plasmids used were either pU-Noggin, pEGFP-HsRhoA (wild-type RhoA) and pEGFP-HsRhoA-G14V (constitutively active RhoA mutant).
Western blot analysis
Cells were lysed in (50 mM Tris/HCl pH 7.4, 150 mM NaCl, 10 mM MgCl 2 , 10% glycerol, 10 mM Na 3 VO 4 , 1% NP-40, 1 mM PMSF, 10 mg/ml aprotinin, 10 mg/ml leupeptin) for 30 min on ice, then scapped and centrifuged for 10 min at 12 000 Â g at 41C to remove insoluble materials. Protein concentrations in the supernatants were measured using the DC Protein assay (Bio-Rad Laboratories). Proteins (100 mg) were resolved on 12% SDS-PAGE and electrotransferred onto PVDF nitrocellulose membranes (Millipore Corporation, Bedford, USA). Filters were incubated at RT for 2 h in Tris-Buffered Saline (50 mM Tris/HCl pH 7.4, 150 mM NaCl) containing 0.1% Tween-20 and 0.5% bovine serum albumin (tris hydroxymethylaminomethane-buffered saline Tween-20 (TBST)/bovin serum albumin (BSA)), then overnight at 41C on a shaker with specific primary antibodies (1/1000 in TBST/BSA) against BMP-2, RhoA, Bax, Bcl-2, PARP, phospho-p42/p44-MAPKs or p42/p44-MAPKs (all from Santa Cruz Biotechnology), p27 (Signal Transduction) or beta-actin (Sigma). Membranes were washed twice with TBST and incubated at RT for 2 h with appropriate horseradish peroxidase-conjugated secondary antibody (1/20 000 in TBST/BSA). After final washes, the signals were visualized with the enhanced chemiluminescence Western blotting detection reagent (ECL, Amersham, France) and autoradiographic film (X-OMAT-AR, Eastman Kodak Company, Rochester, NY, USA). Densitometric analysis using ImageQuant software was performed following digital scanning (Agfa).
RNA extraction and RT-PCR analysis
Total RNA was isolated by phenol/chloroform extraction using TriPure solution, according to the manufacturer's recommendation (Eurobio, France). Concentrations were measured at 260 nm, and RNA quality was checked on formaldehyde-agarose gel stained with ethidium bromide. The relative level of the different mRNA were evaluated by semiquantitative RT-PCR using the same cycle number (30 cycles) for all genes, except for glyceraldehyde 3-phosphate deshydrogenase (GAPDH) (25 cycles), in which the amplification was linear. Of total RNA, 3 mg from each samples were reverse transcribed and the cDNA samples were then divided and amplified using specific primers (20 pmoles/tube). The signal for each gene was corrected for GAPDH. Primers were as follows: sense 
Data analysis
The data are representative of 2-3 independent experiments with tetrareplicates for each condition and are expressed as mean7S.E.M. Differences between the mean values were evaluated using the Student's t-test with a minimal significance of Po0.05.
